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SUMMARY 

Three thermal p r o t e c t i o n  systems proposed for a hypersonic  research 
a i r p l a n e  were s u b j e c t e d  t o  h igh  hea t ing  rates i n  t h e  Langley 8-foot high- 
tempera ture  s t r u c t u r e s  t u n n e l .  Metallic h e a t  sink (Locka l loy ) ,  r e u s a b l e  su r -  
face i n s u l a t i o n ,  and i n s u l a t o r - a b l a t o r  materials were each tested under  similar 
c o n d i t i o n s .  The specimens were tested for a 10-second exposure  on t h e  windward 
s ide  of an e levon deflected 300. The me ta l l i c -hea t - s ink  panel  exhib i ted  no dam- 
age; however, t he  r eusab le - su r face - insu la t ion  tiles were debonded from the pane l  
and the  i n s u l a t o r - a b l a t o r  pane l  eroded through its t h i c k n e s s ,  t h u s  expos ing  t h e  
aluminum s t r u c t u r e  t o  t h e  Mach 7 environment.  

INTRODUCTION 

A hypersonic  research a i r p l a n e  has  been s t u d i e d  (ref. 1 )  which would be  
capable of a Mach 7 f l i g h t  envelope  as i n d i c a t e d  i n  f i g u r e  1 .  The environment 
a t  t h i s  speed i n c l u d e s  dynamic p r e s s u r e s  of 47.9 kPa (1000 p s f )  and h e a t i n g  
rates as h igh  as 136 kW/m2 (12 Btu / f t2 - sec ) .  
a i r p l a n e  such as the  speed brakes and e l evons  w i l l  be exposed t o  l o c a l  f low a t  
a n g l e s  o f  attack up t o  30°. 
s e p a r a t i o n  may cause much higher  l o c a l  h e a t i n g  rates and cor responding  shear 
forces. However, t h e  e x a c t  l o c a t i o n  and magnitude of t h i s  i n t e r f e r e n c e  h e a t i n g  
is d i f f i c u l t  to predic t .  
be  designed t o  wi ths tand  t h i s  environment w i t h  minimal re furb ishment  between 
f l ights .  
must be  eva lua ted  i n  t h i s  environment i n  o r d e r  to  assess the i r  d u r a b i l i t y  and 
subsequent  s u i t a b i l i t y .  

(See ref. 2 . )  P o r t i o n s  o f  t he  

I n t e r f e r e n c e  h e a t i n g  and t h e  p o s s i b i l i t y  o f  flow 

The a i r p l a n e  thermal p r o t e c t i o n  sys tem (TPS) must 

Therefore ,  t h e  performance of each of the c a n d i d a t e  TPS materials 

Three t y p e s  o f  TPS were i n v e s t i g a t e d  i n  t h i s  s tudy .  The first t y p e  was 
a me ta l l i c -hea t - s ink  s t r u c t u r e ,  where t h e  heat s i n k  was des igned  t o  abso rb  t he  
heat load  and provide  t h e  pr imary s t r u c t u r e .  The second type  was an i n s u l a t o r  
ablator,  a s i l i c o n e  e l a s tomer  which pyro lyzes  under t h e  i n i t i a l  heat p u l s e  and 
then  radiates t h e  heat load  on the  s u r f a c e  wh i l e  i n s u l a t i n g  t h e  aluminum primary 
s t r u c t u r e .  The t h i r d  TPS s t u d i e d  was r e u s a b l e  s u r f a c e  i n s u l a t i o n  (RSI) which 
is also an  i n s u l a t o r  that radiates t h e  heat load w h i l e  i n s u l a t i n g  t h e  primary 
aluminum s t r u c t u r e .  The RSI material is a m a t r i x  of t i les made o f  q u a r t z  f ibers  
covered w i t h  a high-emit tance glass c o a t i n g .  
to a Nomex fe l t  s t r a i n  i s o l a t o r  pad (SIP)  which is bonded t o  t h e  pr imary 
s t r u c t u r e  . 

The t i l e s  are i n d i v i d u a l l y  bonded 

The me ta l l i c -hea t - s ink  (Lockal loy)  TPS is proposed f o r  u se  i n  areas o f  h igh  
h e a t i n g  by l o c a l l y  i n c r e a s i n g  t h e  s k i n  t h i c k n e s s  t o  accommodate t he  expec ted  
heat load .  The i n s u l a t o r - a b i a t o r  material is proposed o n l y  f o r  a low-heating- 
rate environment.  The RSI system w i l l  augment t h e  i n s u l a t o r - a b l a t o r  system i n  
t h e  areas o f  h igh  hea t ing .  Conceptua l ly ,  t h e  i n s u l a t o r  ablator h a s  a fail-safe 
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f e a t u r e  i n  t h a t  t h e  material w i l l  ablate i n  the  presence  of a n  unexpected high 
heat p u l s e ,  t h u s  s a c r i f i c i a l l y  p r o t e c t i n g  t h e  prl.nary s t r u c t u r e .  

The three p r o t e c t i o n  sys tems were tested i n  t h e  aerothermal environment  of 
t h e  Langley 8-f oot h igh- tempera ture  s t r u c t u r e s  t u n n e l  (8-f t HTST) which c l o s e l y  
s i m u l a t e s  t h e  Mach 7 f l i g h t  c o n d i t i o n s .  
r e p o r t e d  h e r e i n  is to e v a l u a t e  t h e  performance sf the  three c a n d i d a t e  systems 
when s u b j e c t e d  t o  a h igh-pressure  and h igh-hea t ing- ra te  environment  caused by 
i n t e r f e r e n c e  hea t ing .  

The o b j e c t i v e  of t h e  test  program 

Use of trade names or names of manufac tu re r s  i n  t h i s  report does n o t  
c o n s t i t u t e  an of f i c i a l  endorsement of such p roduc t s  or  manufac tu re r s ,  ei ther 
expressed  o r  impl i ed ,  by t h e  National Aeronau t i c s  and Space Admin i s t r a t ion .  

SYMBOLS 

Measurements aha c h l c u l a t i o n s  were made i n  U.S. Customary U n i t s  and are 
p resen ted  i n  both t' ? I n t e r n a t i o n a l  System of U n i t s  (SI) and U.S. Customary 
U n i t s .  

M Mach number 

q dynamic p r e s s u r e  

4 heating rate 

U stress 

S u b s c r i p t s :  

cw cold wall 

S shear 

APPARATUS 

The p r e s e n t  tests were conducted by u s i n g  a 147-cm-wide ( 5 8 - i n , ) ,  300-cm- 
long  ( 118-in. ) pane l  holder shown i n  f i g u r e  2 .  
g u l a r  w i t h  a 20° b e v e l  a t  t h e  l e a d i n g  edge. 
pane l  ho lde r  can accommodate t e s t - p a n e l  sizes up t o  108.0 by 152.4 cm (42 .5  by 
60.0 i n .  
plate on t h e  back s u r f a c e  o f  t h e  pane l  h o l d e r .  
by 2.54-cm-thick (1 - in . )  Clasrock foam tiles which were bonded t o  t h e  subs t ruc -  
t u r e .  Uniform t u r b u l e n t  flow ove r  t h e  pane l  h o l d e r  is a s s u r e d  by tri2s l o c a t e d  
on t h e  s u r f a c e  approximate ly  12.7 cm (5 i n . )  a f t  of t h e  l e a d i n g  edge (ref. 3 ) .  

Its c o n f i g u r a t i o n  is rec t an -  
A r e c t a n g u l a r  c u t o u t  th rough t h e  

w i t h  access t o  t h e  back of t h e  test p a n e l  by means of a removable 
The pane l  holder  is p r o t e c t e d  

t h e  
The 
t h e  

2 

A 50.8-nm-wide (20- in . )  by 134.6-cm-long (53 - in . )  c u t o u t  was provided i n  
sup face  of t h e  pane l  holder t o  i n s t a l l  test specimens as shown i n  f i g u r e  2.  
forward end of t h e  c u t o u t  r ece ived  t h e  s imula t ed  v e h i c l e  s u r f a c e  p a n e l ,  and 
a f t  end r ece ived  t h e  s imula t ed  el evon assembly.  



TEST SPECIMENS 

Three f l a t  p a n e l s ,  50.8 by 50.8 cm (20  by 20 i n . )  squa re ,  simula:.ing t h e  
TPS o f  an  e levon were made of Lockal loy ,  an i n s u l a t o r  a b l a t o r ,  and t h e  dense  
RSI materials. 
(20 by 33 i n . )  se rved  as a r e p r e s e n t a t i v e  v e h i c l e  s u r f a c e  upstream of the ele- 
von i n  tests when t h e  RSI o r  t h e  i n s u l a t o r - a b l a t o r  specimens were i n s t a l l e d .  

I n  a d d i t i o n ,  an i n s u l a t o r - a b l a t o r  specimen 50.8 by 83.8 cm 

Lockal loy Specimen 

The me ta l l i c -hea t - s ink  specimen was fabricated from a 0.63-cm-thick 
(0.25-in.  1 p l a t e  of beryllium-aluminum (Lockal loy)  material c o n t a i n i n g  57 per -  
c e n t  be ry l l i um and 43 pe rcen t  aluminum. T h i s  material is more f u l l y  described 
i n  r e f e r e n c e s  4 and 5. 
emi t t ance  black p a i n t .  This panel  was ins t rumented  w i t h  13 ,  30-gage, chromel- 
a lumel  thermocouples mounted f l u s h  on t h e  s u r f a c e  of the pane l .  
couple  l o c a t i o n s  are dep ic t ed  i n  f i g u r e  3. A metal panel  was i n s t a l l e d  ahead 
o f  t h e  Lockal loy elevon t o  s i m u l a t e  t he  v e h i c l e  s u r f a c e .  
cm-thick (0.5- in .  
and 83.8 cm (33 i n . )  long .  
mounting. In s t rumen ta t ion  c o n s i s t e d  o f  21, 3O-gage, chromel-alumel thermocou- 
p l e s  and 15 p r e s s u r e  o r i f i c e s  e q u a l l y  spaced a long  t h e  l o n g i t u d i n a l  c e n t e r  l i n e .  
The thermocouples  were i n s t a l l e d  on the  s u r f a c e  by d r i l l i n g  small holes through 
t h e  p l a t e ,  drawing the thermocouple wire through,  and then  peening  and g r i n d i n g  
them f l u s h  wi th  t he  surface. 

The s u r f a c e  exposed t o  t h e  flow was pa in ted  w i t h  a high- 

The thermo- 

This pane l  was a 1.3- 
s t a i n l e s s - s t e e l  p l a t e  approximate ly  50.8 cm (20  i n . )  wide 

It had bottom-tapped h o l e s  on t h e  i n s i d e  face f o r  

Insu la to r -Ab la to r  Specimen 

The i n s u l a t o r - a b l a t o r  material (SLA-220 i n  ref. 6 )  c o n s i s t s  of  s i l ica  
fibers and microspheres  i n  a ma t r ix  o f  s i l i c o n e  elastomer. Tne pane l  is 50.8 
by 50.8 cm (20 by 20 i n . )  and 1.5 cm (0 .6  i n . )  t h i c k .  The i n s u l a t o r  ablator is 
bonded w i t h  a s i l i c o n e  adhes ive  t o  a 0.13-cm-thick (0.05-in.)  aluminum panel  
wi th  z e e - s t i f f e n e r s .  The material was n o t  prehea ted  p r i o r  to t e s t i n g  because 
t h e  h e a t i n g  i n  t h e  t u n n e l  would be s u f f i c i e n t  t o  accomplish t h e  i n i t i a l  pyroly-  
sis dur ing  t h e  test. The i n s u l a t o r  ablator was tested i n  two forms, striated 
and honeycomb f i l l e d .  The s t r ia ted material h a s  a gridwork of slits c u t  t o  a 
depth  o f  approximately one-half  t h e  material t h i c k n e s s .  The s t r i a t i o n s  are 
spaced on 1.3 cm (0.5 i n . )  c e n t e r s  t o  avoid  s e v e r e  cracks r e s u l t i n g  from 
pyrolys is - induced  sh r inkage :  The honeycomb-fil led material has an  o r g a n i c  f i b e r  
r e in fo rcemen t .  
each material parallel t o  and on o p p o s i t e  sides o f  the  flow c e n t e r  l i n e  as shown 
i n  f i g u r e  4 .  

The test specimen has a 25.4 by 50.8 cm ( 10 by 20 i n .  1 pane l  of 

This  specimen was ins t rumented  w i t h  s i x t e e n  30-gage chromel-alumel thermo- 
A l l  l o c a t i o n s  had thermocouples  on t h e  

Fig- 

couples  i n s t a l l e d  as  shown i n  f i g u r e  4. 
backface a l though ,  a t  t h e  s i x  l o c a t i o n s  i n d i c a t e d ,  a d d i t i o n a l  thermocouples  
were i n s t a l l e d  0.3 cm (0.12 i n . )  below t h e  o u t e r  s u r f a c e  of t h e  material. 
u r e  5 is a photograph of t h e  pane l  p r i o r  t o  t e s t i n g .  
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Vehicle S u r f a c e  Specimen 
, 

The v e h i c l e  s u r f a c e  specimen was a model of t h e  real is t ic  a i r p l a n e  TPS 
ahead o f  t h e  de f l ec t ed -e l evon  specimens made of i n s u l a t o r  a b l a t o r  o r  RSI. 
specimen is f l a t ,  approximate ly  50.8 cm (20  i n .  1 wide and 83.8 cm (33 i n .  1 long .  
The base is 0.239-cm-thick (0.094-in.)  aluminum w i t h  1.3-cm-thick (0 .5- in . )  
honeycomb-reinforced i n s u l a t o r - a b l a t o r  material bonded t o  t h e  s u r f a c e  w i t h  sil- 
i cone  adhes ive .  Details of t h e  cell s t r u c t u r e  as fabricated are shown i n  fig- 
u r e  6. P r i o r  tests o f  t h i s  material (ref. 2)  had shown s u r f a c e  e r o s i o n  of t h e  
r e l a t i v e l y  b r i t t l e  pyrolyzed layer. The re fo re  , p r i o r  t o  t u n n e l  t e s t i n g  t h e  
specimen was heated to pyro lyze  t h e  s u r f a c e  to  de termine  i f  eroded p a r t i c l e s  
would damage t h e  TPS on the  e levon s u r f a c e  d u r i n g  t u n n e l  t e s t i n g .  

The 

The pane l  was pyrolyzed du r ing  three h e a t i n g  c y c l e s  from room tempera tu re  
The t ime- tempera ture  pro- t o  1005 K (:810° R )  i n  a r a d i a n t - h e a t i n g  a p p a r a t u s .  

f i l e ,  shown i n  f i g u r e  7, was used .  The p r o f i l e  r e p r e s e n t s  t h e  p red ic t ed  e x t e r -  
n a l  sk in- tempera ture  h i s t o r y  for a hypersonic-research-airplane f l i g h t .  A 
c l o s e r  view of t h e  ce l l  s t r u c t u r e  of t h e  honeycomb material after t h e  h e a t i n g  
c y c l e s  is shown i n  f i g u r e  8. 
i n s u l a t o r - a b l a t o r  material i n  a low-hea t ing- ra te  environment .  

Reference  2 describes prior t e s t i n g  of t h e  

RSI Specimen 

The RSI material was mounted on a s t i f f e n e d  aluminum p a n e l  similar t o  t h e  
i n s u l a t o r - a b l a t o r  material. 
cm-thick (0.125-in.)  aluminum p l a t e  t o  t h e  i n n e r  f l a n g e s  o f  t h e  z e e - s t i f f e n e r s .  
The aluminum s k i n  p l a t e  was covered w i t h  12.7-cm (5 .0- in . )  squa re  t i les  which 
were 2.2 cm (0.875 i n . )  t h i c k .  
f i be r  (352 kg/m3 (22  l b / f t 3 )  
( R C C )  c o a t i n g  approximate ly  0 .25  mm (0.01 i n . )  t h i c k .  The t i l e s  were s e p a r a t e d  
from t h e  aluminum p a n e l  by a Nomex f e l t  s t r a i n  i s o l a t o r  pad ( S I P ) .  T h i s  system 
was bonded together by u s i n g  a s i l i c o n e  adhes ive  on both  s i d e s  of  t h e  SIP .  The 
t i l e  a r r a y  and i n s t r u m e n t a t i o n  l o c a t i o n s  are depicted i n  f i g u r e  9.  The i n s t r u -  
menta t ion  on t h i s  specimen c o n s i s t e d  of 24 ,  30-gage, backface thermocouples .  
They are loca ted  on three e q u a l l y  spacej rows p a r a l l e l  t o  t h e  flow d i r e c t i o n .  
F i g u r e  10 is a photograph of t h e  specimen p r i o r  to  t e s t i n g .  The gaps between 
t h e  t i l e s  were packed w i t h  a Micro-Quartz b a t t i n g ,  and t h e  p e r i p h e r y  of t h e  
pane l  was packed w i t h  Refrasil b a t t i n g .  

Add i t iona l  s t i f f n e s s  was added by a t t a c h i n g  a 0.32- 

These tiles were made of a h igh -dens i ty  s i l i ca  
covered w i t h  a h igh-emi t tance  r eac t ion -cu red -g la s s  

INSTALLATION OF ELEVON SPECIMENS 

The squa re  e levon specimens were mounted i n  a s teel  frame which cou ld  be 
pos i t i oned  a t  discrete a n g l e s  o f  attack by means of a p ivo ted  s u p p o r t  web. The 
test specimens were mounted on t h e  windward side of t h e  s imula t ed  e l evon .  The 
d e t a i l s  of t h e  s imula ted-e levon assembly and a t t achmen t  t o  t h e  pane l  holder  are 
shown i n  f i g u r e  11 .  

The aluminum p a n e l  o f  t h e  i n s u l a t o r - a b l a t o r  specimen was mounted t o  t h e  
steel frame. For  t he  RSI pane l ,  t h e  gap  between t h e  specimen and t h e  elevon-  
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h o l d e r  p e r i p h e r y  was f i l l e d  w i t h  Refrasil b a t t i n g .  
used on t h e  i n s u l a t o r - a b l a t o r  pane l  to  effect a seal between t h e  aluminim sub- 
s t r u c t u r e  and t h e  frame. 

A d u c t - s e a l i n g  compound was 

The hea t -s ink  pane l  was attached t o  t h e  steel frame w i t h  f o u r  c l e v i s  f i t -  

A s e p a r a t e  seal assembly was used c o n s i s t i n g  of a welded frame 

The seal was attached so t h a t  t h e  p i l l o w  

t i n g s  w i t h  one f i t t i n g  f i x e d  and the others allowed t o  s l i p  to accommodate ther- 
mal expansion.  
of aluminum a n g l e s  and a p i l l o w  of F i b e r f r a x  b a t t i n g  con ta ined  i n  a Refrasil 
c l o t h  cove r  cemented t o  t h e  s u r f a c e .  
was compressed by t h e  i n s i d e  s u r f a c e  of t h e  Lockal loy  pane l  when i n s t a l l e d .  

A welded steel s k i r t  was p o s i t i o n e d  around t h e  steel frame to  cove r  t h e  
opening  on t h e  sides and back of t h e  i n s t a l l e d  frame t o  p r e v e n t  hot t u n n e l  gas 
f low from e n t e r i n g  the  panel -holder  c a v i t y .  Also, steel f e n c e s ,  which ex tend  
below the  p a n e l  holder  (see f ig .  21, were used on both sides of t h e  p a n e l  holder.  
The t o p s  of the  f e n c e s  were f l u s h  w i t h  t h e  pane l -holder  s u r f a c e  t o  allow u s e  of 
t h e  s c h l i e r e n  equipment t o  photograph t h e  pane l  holder  and e l evon  j u n c t i o n .  

FACILITY 

The specimens were tested i n  t h e  aerothermal environment  o f  t h e  Langley 
h igh- tempera ture  s t r u c t u r e s  t u n n e l  (8-ft  HTST). T h i s  t u n n e l  is a hypersonic  
blowdown f a c i l i t y  t h a t  c , imulates  the  f l i g h t  environment  i n  a Mach number r ange  
between 6 and 7 at  a l t i t u d e s  ranging  from 24.4 t o  40 km (80 000 t o  130 000 f t )  
f o r  time per iods  up t o  2 minu tes .  The test  medium is gene ra t ed  by t h e  combus- 
t i o n  o f  methane and a i r  ( ref .  7) i n  a h igh -p res su re  combustor. The r e a c t i o n  
p roduc t s  are then  expanded through an axisymmetr ic  contoured  nozz le  t o  a nominal 
e x i t  Mach number of 7. The nozz le  has  an  e x i t  diameter of 2.4 m (8 f t ) ;  how- 
e v e r ,  t h e  uniform test cort  is on ly  abou t  1.2 m ( 4  f t )  i n  diameter. The flow 
e x i L s  a s  a free je t  f o r  4 . 3  m (14  f t . )  and e n t e r s  a s u p e r s o n i c  d i f f u s e r .  
stream of t h e  supe r son ic  d i f f u s e r  is a s i n g l e - s t a g e  a n n u l a r  a i r  e j e c t o r .  The 
f low from t h e  ejector mixes w i t h  t he  hot  gases i n  a long  s t r a igh t  mixing t u b e  
and is then  decelerated by a c o n i c a l  f rus t rum-type  d i f f u s e r .  A schematic draw- 
i n g  of t h i s  f a c i l i t y  is shown i n  f i g u r e  12. 

Down- 

Test models are mounted i n  t h e  sting-mounted panel -holder  a p p a r a t u s ,  p rev i -  
o u s l y  desc r ibed .  The p a n e l  h o l d e r  is retracted and covered du r ing  wind-tunnel  
s t a r t u p  and shutdown. The i n s e r t i o n  and r e t r a c t i o n  is accomplished by a n  i n j e c -  
t i o n  system which f u l l y  i n s e r t s  t h e  pane l  h o l d e r  i n  a b o u t  2 seconds.  The pane l  
holder and test  chamber are shown i n  f i g u r e  13. A more d e t a i l e d  d e s c r i p t i o n  of 
t h e  f a c i l i t y ,  t h e  pane l  holder ,  and t h e  measured aerothermal pa rame te r s  may be 
found i n  r e f e r e n c e s  3 and 8. 

ENVIRONMENT 

The test environments ,  g iven  i n  table I and i n d i c a t e ?  i n  f i g u r e  1 ,  c losely 
s i m u l a t e  the  i n f l i g h t  h e a t i n g  a n t i c i p a t e d  on a deflected L - m t r o l  s u r f a c e  a t  a 
Mach number of 7. The i n i t i a l  h e a t i n g  rates and shear forces on t h e  hea t - s ink  
e levon f o r  t h e  tests a t  q = 117.9 kPa (1000 p s f )  are g iven  i n  f i g u r e  14.  A more 
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detai led heating-rate a n a l y s i s  suppor ted  by expe r imen ta l  data from a series of 
c a l i b r a t i o n  tests is p r e s e n t e d  i n  r e f e r e n c e  8. 
rate of 800 kW/m2 (70 Btu / f t2-sec)  and a s h e a r  of 430.9 Pa (9  p s f )  were imposed 
on t h e  e levon.  Although t h e  Lockal loy h e a t  s i n k  and RSI are c a n d i d a t e s  for t h e  
h igh-hea t ing  and s h e a r  environments  (refs.  9 and IO),  t h e  i n s u l a t o r - a b l a t o r  
material is proposed for low-hea t ing- ra te  r e g i o n s  such  as the  v e h i c l e  s u r f a c e  
where Thus, tests of t h e  i n s u l a t o r  ablator i n  
t h e  e l e v o i  environment p rov ide  performance data on t h i s  material for extreme 
f l i g h t  c o n d i t i o n s .  
mits a test time of approximate ly  10 seconds  before t h e  hea t - s ink  material 
reaches its des ign  t empera tu re  limit of 589 K (10600 R ) .  The re fo re ,  a 10- 
second exposure  was used i n  a l l  tests t o  assess material performance i n  l i k e  
environments .  

A s  i n d i c a t e d ,  a peak h e a t i n g  

q 5 68 kW/m2 ( 6  Btu / f t2-sec) .  

The e l evon  h e a t i n g  rate of 800 kW/m2 (70 Btu / f t2-sec)  per -  

TEST PROCEDURE 

The sting-mounted pane l  holder  was r a p i d l y  i n s e r t e d  i n t o  t h e  hot  stream 
once s t a b l e  flow c o n d i t i o n s  were establ ished.  The specimens were n o t  p rehea ted  
p r i o r  t o  i n s e r t i o n .  After t e s t i n g ,  t h e  pane l  h o l d e r  was retracted and t h e  tun- 
n e l  was s h u t  down. 

. E l e c t r i c a l  o u t p u t s  from t h e  thermocouples  were recorded on magnet ic  t a p e  
by an ana log- to -d ig i t a l  Ista-recording system. 
g r a p h i c  coverage ,  motion p i c t u r e s  were made wi th  three cameras  mounted i n  t h e  
t u n n e l  and focused nea r  t h e  i n t e r s e c t i o n  of the  e l evon  and pane l  holder.  

I n  a d d i t i o n  t o  s c h l i e r e n  photo- 

Due t o  t h e  p o t e n t i a l  hazard  o f  be ry l l i um con tamina t ion ,  s p e c i a l  p r e c a u t i o n s  
were taken  i n  hand l ing  and t e s t i n g  Lockalloy. 
used for hand l ing ,  and a l l  t u n n e l  pe r sonne l  were br ie fed  on t h e  h e a l t h  hazard 
t h a t  could be encountered  wi thou t  p rope r  handl ing .  

S p e c i a l  c l o t h i n g  and g l o v e s  were 

I n  order t o  de termine  t h e  amount o f  r e s i d u a l  be ry l l i um or be ry l l i um com- 
pounds i n  t h e  t u n n e l  af ter  tests,  a series of swipe tests were formula ted .  About 
30 discrete area3 on t h e  pana l  holder and t u n n e l  were s a p l e d  by wip ing  a c l e a n  
f i l t e r  paper  over  t h e  area. 
and ana lyzed  for be ry l l i um c o n t e n t  by u s i n g  a Perkin-Elmer 303 a tomic-absorp t ion  
spec t romete r  . 

The f i l ter  pape r s  were t h e n  chemica l ly  decomposed 

TESTS 

A total  of f i v e  tests were made undt - t h e  c o n d i t i o n s  shown i n  table I. 
Three tests were conducted on t h e  Lockal loy specimen. A IO-second exposure  time 
was c a l c u l a t e d  by u s i n g  t h e  CAVE computer program (ref .  11 1 t o  produce a maximum 
s u r f a c e  tempera ture  of 589 K (1060O R). 
f i ed  on a s t a i n l e s s - s t e e l  c a l i b r a t i o n  p l a t e  ( ref .  8 ) .  The first test was made 
a t  wi th  a nominal dynamic p r e s s u r e  of 47.9 kPa !IO00 p s f )  a t  Cree- 
stream c o n d i t i o n s ,  w i t h  t h e  pane l  h o l d e r  a t  00 a n g l e  of a t tack and t h e  e l evon  
deflected 30°. 
57.5 kPa (1200 p s f )  w i t h  M = 6.73, whereas t h e  t h i r d  test was conducted a t  
M = 6.06 

The r e s u l t s  of t h e  a n a l y s i s  were v e r i -  

M = 6.70 

The second tes t  was a t  a higher  nominal dynamic p r e s s u r e ,  

w i t h  a dynamic p r e s s u r e  o f  54.58 kPa (1140 p s f ) .  
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One test (test 4 of t,able'I) was conducted on the i n s u l a t o r - a b l a t o r  pane l  
at c o n d i t i o n s  similar t o  the  first Lockal loy  test. 
ho lde r  was i n s e r t e d  a t  O0 a n g l e  of a t t a c k  w i t h  t h e  e l evon  deflected 30°. 
dynamic p r e s s u r e  was nominal ly  set a t  47.9 kPa (1000 p s f )  and a test time of 
approximate ly  10 seconds  was used.  For  t h i s  test t h e  v e h i c l e  s u r f a c e  specimen 
was i n s t a l l e d  i n  t h e  f r o n t  p a r t  of t h e  panel -holder  c a v i t y ,  t h u s  expos ing  the  
i n s u l a t o r - a b l a t o r  material t o  bo th  h igh  and low h e a t i n g - r a t e  c o n d i t i o n s .  

(See table I .> The p a n e l  
The 

One test (test 5 of table I )  was made on t h e  RSI p a n e l ,  by us ing  t h e  
i n s u l a t o r - a b l a t o r  surface-specimen forward pane l ,  a t  c o n d i t i o n s  similar t o  
t h o s e  of t n e  f irst  Lockalloy test and the i n s u l a t o r - a b l a t o r  test. 

RESULTS AND DISCUSSION 

S c h l i e r e n  photographs of a l l  three test specimens are shown i n  f i g u r e  15. 
The t o p  photograph was taken  d u r i n g  t h e  first Lockal loy  t e s t .  A t h inned  bound- 
a r y  layer is  v i s i b l e  j u s t  above t h e  i n t e r s e c t i o n  of t h e  p a n e l  hoider  and t h e  
e levon i n  each case. No shock impingement o r  flow s e p a r a t i o n  is e v i d e n t .  The 
boundary layer is n o t i c e a b l y  t h i c k e r  i n  t h e  lower two photographs ,  p o s s i b l y  due 
t o  either mass a d d i t i o n  t o  t h e  flow from t h e  su r face -pane l  specimen mounted 
ahead of these two specimens or t h e  i n c r e a s e d  s u r f a c e  roughness  of t h e  pyro- 
lyzed  i n s u l a t o r - a b l a t o r  pane l  ove r  t h e  s t a i n l e s s  s u r f a c e  pane l .  

Lockal loy Specimen 

The Lockalloy specimen was tested under  t h e  c o n d i t i o n s  o u t l i n e d  i n  t h e  
first three tests of table I. The tempera ture  d i s t r i b u t i o n s  a long  t h e  c e n t e r  
l i n e  o f  t h e  specimen are shown i n  f i g u r e  16 for  a l l  three tests. The tempera- 
t u r e  d i s t r i b u t i o n s  are compared w i t h  similar tests o f  a 1.3-cm-thick (0 .5- in .  > 
s t a i n l e s s - s t e e l  specimen ( re f .  8). The model was f u l l y  i n s e r t e d  i n  t h e  stream 
for abou t  10 seconds on each test .  It can be seen  i n  t h e  area of h ighes t  heat- 
i n g  ra te  :!LL t h e  tempera ture  s p i k e  i s  q u i t e  v i s i b l e  for t h e  s t a i n l e s s - s t e e l  
pane l  of r e f e r e n c e  8, whereas t h e  h i g h  c o n d u c t i v i t y  o f  t h e  Lockal loy d i s s i p a t e s  
t h e  heat p u l s e  and h o l d s  a n e a r l y  uniform t empera tu re  throughout  t h e  pane l  i n  
a l l  cases. The maximum tempera ture  d i f f e r e n c e  on t h e  face of t h e  Lockal loy 
pane l  was never  greater than  56 K ( looo R ) .  F i g u r e  17 is a photograph o f  t h e  
Lockal loy specimen a f te r  t h e  t h i r d  test. The o n l y  d i s c e r n i b l e  d i f f e r e n c e  
between t h i s  photograph and t h a t  taken  p r i o r  t o  t h e  t e s t i n g  is t h e  local removal 
o f  s m a l l  areas of p a i n t  caused by impacts from d e b r i s  i n  t h e  flow stream. A t  
a b o u t  7.6 cm ( 3  i n . )  a f t  of  the  h inge  l i n e  on bo th  sides a small area of Lock- 
a l loy  was completely bared due to  t h e  h i g h  l o c a l  t empera tu re  and shear removing 
t h e  p a i n t .  Blu ing  o f  t h e  s i d e  s k i r t  a l so  s u g g e s t s  h ighe r  h e a t i n g  i n  t h i s  area. 

The mass spec t rog raph  a n a l y s e s  of t h e  three swipe tests and t h e  calibra- 
t i o n  s w i p e  t e s t s  show no detectable c o n c e n t r a t i o n s  of be ry l l i um either b e f o r e ,  
between, o r  a f te r  t h e  three tests of  t h e  Lockal loy panel  i n  t h i s  environment .  
S i n c e  t h e  on ly  damage t o  t h e  Lockal loy  specimen was p a i n t  e r o s i o n  due t o  p a r t i -  
c le  impacts which are not  t y p i c a l  f o r  t r u e  f l i g h t  environment ,  t h i s  pane l  was 
s k i t a b l e  for f u r t h e r  t e s t i n g  and would r e q u i r e  no r e fu rb i shmen t .  
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Insu la to r -Ab la to r  Specimen 

Only one test (test 4 of f a b l e  I) was made on t h e  i n s u l a t o r - a b l a t o r  s p e c i -  
men, and t h e  test parameters  are l i s t e d  i n  table I. S h o r t l y  a f te r  i n s e r t i o n  
i n t o  t h e  stream t h e  s u r f a c e  thermocouples  i n d i c a t e d  a n  ex t remely  r a p i d  tempera- 
ture r ise  ( f ig .  18 ) .  Th i s  i n d i c a t e s  t h a t  t h e  0.3-cm-thick (0 .12- in . )  l a y e r  of 
i n s u l a t o r  ablator ove r  t h e s e  thermocouples  was removed by t h i s  time. The two 
s u r f a c e  thermocouples  i n  the  h i g h e s t  h e a t i n g - r a t e  area n e a r  t h e  h inge  l i n e ,  
l o c a t i o n s  12P and 2P i n  figure 4 were a p p a r e n t l y  exposed first. 
degrada t ion  followed r a p i d l y  up t h e  e l evon .  A l l  s u r f a c e  thermocouples  were 
exposed i n  less t h a n  3 seconds.  
t h i c k  (0 .6- in . )  material was removed a t  these l o c a t i o n s  af ter  t h i s  shor t  expo- 
s u r e  time. Backface thermocouple r e a d i n g s  are p resen ted  i n  f i g u r e  19. The 
backface (BF) t empera tu re  starts t o  rise af ter  a 2-second exposure .  
8 seconds t h e  tempera ture  rise rate is q u i t e  h igh ,  o v e r  56  K ( looo R) per sec- 
ond. The lowest  rates were observed on the  thermocouples  t h a t  remained i n  p l a c e  
under t h e  honeycomb material. These are d e s i g n a t e d  15BF and 13BF i n  f i g u r e  19. 

The s u r f a c e  

T h i s  i n d i c a t e s  t h a t  o n e - f i f t h  of t h e  1.5-cm- 

After 

The maximum a c c e p t a b l e  o p e r a t i n g  tempera ture  for aluminum is 422 K (7600 R). 
(See ref. 10.)  A t  t h i s  tempera ture  aluminum has  o n l y  80 p e r c e n t  o f  its room- 
tempera ture  p r o p e r t i e s ,  and t h e  p r o p e r t i e s  f a l l  off  q u i t e  r a p i d l y  beyond t h i s  
tempera ture .  As can be seen  from figure 19 ,  o n l y  t he  backface r e a d i n g s  under  
t h e  honeycomb-filled material were under  422 K (760O R) a t  the  end of 10 seconds .  

The mode of f a i l u r e  of t h e  i n s u l a t o r  ablator is also unique.  The material 
was expected t o  ablate under  high-heat loads; however, i n  t h i s  t e s t  t h e  v i r g i n  
material a p p a r e n t l y  shea red  away before reach ing  a b l a t i o n  t empera tu res .  Fig-  
u r e  20 is a photograph of t h e  pane l  fo l lowing  t h e  test. 
material h a s  been removed and i n c i p i e n t  m e l t i n g  o f  t h e  aluminum s u b s t r u c t u r e  i s  
e v i d e n t  i n  s e v e r a l  l o c a t i o n s .  The photograph i n  f i g u r e  21 is a c loseup  view of 
t h e  t r a i l i n g  edge of t h e  pane l  showing the r e l a t i v e  performance o f  t he  two 
i n s u l a t o r - a b l a t o r  materials. Vi rg in  material is e v i d e n t  i n  both t h e  s t r ia ted 
and honeycomb-filled materials. The s t r ia ted material shows t h e  characterist ic 
grooving  a l o n g  the slits which c o n t i n u e  a f t  i n t o  t h e  u n s t r i a t e d  t h i c k n e s s .  The 
honeycomb-reinforced material shows l i t t l e  c h a r r i n g  and is pyro lyzed  n e a r  t h e  
leading-edge h i n g e  l i n e .  Less than  2.5 CTI ( 1  i n . )  from the  l e a d i n g  edge t h e  
honeycomb ce l l s  shcw evidence  of s e v e r e  c h a r r i n g  and t h e  i n s u l a t o r  still exhib-  
i ts p y r o l i z a t i o n .  However, f u r t h e r  up the  p a n e l  t h e  v i r g i n  material is a g a i n  
v i s i b l e ,  surrounded by t h e  s e v e r e l y  charred honeycomb c o r e .  
honeycomb core is n o t  as  s e v e r e  a t  t h e  a f t  end as it  is n e a r  t h e  l e a d i n g  edge .  
Also, the c o r e  improves t h e  shear r e s i s t a n c e  of t h e  material. 

A large q u a n t i t y  of t h e  

The c h a r r i n g  of 

ha I 
I n  

F igu re  22 is a photograph of t h e  specimen i n  t h e  t e L t  stream approximate ly  
.fway through t h e  test. The b r i g h t  areas i n d i c a t e  h igh- tempera ture  l o c a t i o n s .  
these l o c a t i o n s  the material has reached r a d i a t i o n  e q u i l i b r i u m  t empera tu re .  

However, most of t h e  area is dark,  i n d i c a t i n g  t h a t  t h e  material has no t  reached 
r a d i a t i o n  e q u i l i b r i u m  t empera tu re .  T h i s  can be caused by material e r o s i o n  most 
probably  i n l t i a t e d  by the  h i g h  s h e a r  forces created i n  t h e  f low befor t h e  mate- 
r i a l  5ould be heated t o  r a d i a t i o n  e q u i l i b r i u m  t empera tu re .  T h i s  is t h e  qpparent  
cause s i n c e  a s i g n i f i c a n t  amount of t h e  remain ing  i n s u l a t o r  a b l a t o r  is v i r  :In 
unpyro l i zed  material. 
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F i g u r e  22 also shows t h e  h e a t i n g  a t  t he  t o p  edge which is more pronounced 
nea r  the c e n t e r  of t h e  pane l .  The h*at ing rate i n  t h e  c o r n e r s  was a p p a r e n t l y  
less than  t h a t  n e a r  t h e  c e n t e r ,  and e r o s i o n  o f  t h e  material a t  t h e  t r a i l i n g  
edge is more s e v e r e  nea r  t h e  c e n t e r .  

Vehic le  S u r f a c e  Specimen 

Two tests were made on the v e h i c l e  s u r f a c e  specimen concur ren t  w i t h  t h e  
i n s u l a t o r  ablator and R S I  e levon tes ts .  (See tests 4 and 5 of table I.) S i n c e  
t h e  s u r f a c e  specimen was o r i e n t e d  a t  00 a n g l e  o f  attack t o  t h e  flow, t h e  h e a t i n g  
and shear f o r c e s  were lower than  would be expec ted  i n  s e r v i c e  - almost an  o r d e r  
of magnitude lower than  t h e  h e a t i n g  rates imposed on t h e  e l evon  specimens.  
There was no i n c r e a s e  i n  t h e  backface thermocouple  r e a d i n g s  d u r i n g  either test  
and no v i s i b l e  e r o s i o n  o f  t h e  s u r f a c e .  

The i n s u l a t o r - a b l a t o r  material was s e r v i c e a b l e  fo l lowing  p r e p y r o l i z a t i o n  
and approximate ly  a 20-second exposure  a t  t h e  low-heating-ra te c o n d i t i o n s .  T h i s  
pane l  would r e q u i r e  no maintenance t o  p rov ide  cont inued  thermal p r o t e c t i o n  a t  
h e a t i n g  rates of 68  kW/m2 ( 6  B tu / f t2 - sec ) .  

RSI Specimen 

The s i l i ca  RSI specimen was s u b j e c t e d  t o  a n  environment similar t o  t h a t  of 
t h e  Lockal loy  and i n s u l a t o r  a b l a t o r .  F i g u r e  23 is a photograph of the  specimen 
i n  t h e  test stream dur ing  t h e  test. The l i g h t  areas i n d i c a t e  t h a t  t h e  s u r f a c e  
of t h e  R S I  is heated. The b r i g h t e s t  areas are caused by t h e  h i g h e r  t empera tu res  
induced by flow i n  t h e  gaps  where the  t i l e  walls are n o t  free to  c o o l  by radia- 
t i o n .  The gap  flow is impinging on t h e  l e a d i n g  edge of t h e  downstream t i l e  
because  of t h e  staggered j o i n t s .  This  impingement c a u s e s  higher  l o c a l  h e a t i n g  
as  i n d i c a t e d  by t h e  br ightes t  areas i n  l i n e  w i t h  t h e  gaps .  

A p o s t t e s t  photograph o f  t h e  model is shown i n  f i g u r e  24. Some minor 
p i t t i n g  of the  RSI c o a t i n g  is noted .  T h i s  is assumed t o  be the  r e s u l t  o f  d e b r i s  
i n  t h e  flow s t r eam,  which would not  be r e p r e s e n t a t i v e  of real f l i g h t  c o n d i t i o n s .  
Also ,  some i n t e r - t i l e  b a t t i n g  has  been removed, and t h e  remain ing  p e r i p h e r a l  and 
i n t e r - t i l e  b a t t i n g  is v i s i b l e .  I n s p e c t i o n  of t h e  p a n e l  a f te r  t e s t i n g  r evea led  
t h a t  f o u r  t i l e s  were l o o s e .  The backface thermocouple r e a d i n g s  d i d  n o t  rise 
a p p r e c i a b l y  du r ing  t h e  test. 

The R S I  material e f f e c t i v e l y  i n s u l a t e d  t h e  aluminum pane l  from t h e  deflected 
e levon environment .  However, t h e  f o u r  l o o s e  t i l e s  would r e q u i r e  sgme maintenance 
and the b a t t i n g  between t h e  t i l e s  would r e q u i r e  ei ther replacement, e s p e c i a l l y  
i n  t h e  streamwise d i r e c t i o n ,  or a better means o f  r e t e n t i o n .  

CONCLUDING REMARKS 

The performance of three tkermal p r o t e c t i o n  systems was eva lua ted  i n  a n  
ae ro the rma l  environment s i m u l a t i n g  i n t e r f e r e n c e  h e a t i n g  on an  e levon deflected 
30° a t  a Mach number of 6.7 and a dynamic p r e s s u r e  o f  47.9 kPa ( 1000 p s f )  . The 
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meta l l i c -hea t - s ink  material (Locka l loy )  was t h e  on ly  material cons ide red  t o  be 
r e u s a b l e  af ter  a 10-second exposure  t o  t h i s  environment .  I n  fac t ,  t h e  Lockal1o.r 
was shown t o  be r e u s a b l e  a t  h i g h e r  dynamic p r e s s u r e s  and h i g h e r  heating rates. 

There is no d e g r a d a t i o n  of t h e  Lockal loy and no ev idence  of b e r y l l i u m  con- 
t amina t ion  when exposed t o  t h i s  h igh-hea t ing- ra te  environment .  T h i s  absence  o f  
contaminat ion  concurs  w i t h  other test r e s u l t s  and i n d i c a t e s  t h a t  no  s i g n i f i c a n t  
h e a l t h  hazard is associated w i t h  t h e  proper  u s e  o f  Lockalloy. Moreover, t h e  
high lateral  conductance of the Lockal loy  damped the  peak t empera tu re  associated 
w i t h  peak h e a t i n g  rates imposed on t h e  specimen. T h i s  f e a t u r e  cou ld  a v o i d  o r  
minimize o v e r h e a t i n g  i n  areas o f  unpred ic t ed  h igh  h e a t i n g  rates. 

The i n s u l a t o r - a b l a t o r  material failed a t  t h e  e l evon  tes t  c o n d i t i o n s  of 
47.9 kPa (1000 p s f ) ,  and some damage was s u s t a i n e d  on t h e  r eusab le - su r face -  
i n s u l a t i o n  (RSI) specimen. The i n s u l a t o r - a b l a t o r  material d i d  n o t  ablate as 
p r e d i c t e d .  
i n g  t h e  aluminum s u b s t r u c t u r e .  
s l i g h t l y  better shear r e s i s t a n c e ,  bu t  it also was s e v e r e l y  degraded. It should  
be noted  t h a t  t h e  i n s u l a t o r - a b l a t o r  material was n o t  cons ide red  a p p l i c a b l e  for 
these h igh-hea t ing- ra te  a p p l i c a t i o n s .  However, areas of s e v e r e  h e a t i n g  are n o t  
easily predicted.  For  these ext reme tes t  2 o n d i t i o n s ,  t h e  fail-safe a b l a t i o n  
concept  of  t h e  material was shown t o  be i n v a l i d .  The material eroded p r i o r  t o  
r e a c h i n g  a b l a t i o n  tempera ture .  

The v i r g i n  material was q u i c k l y  removed by wind shear,  t h u s  expos- 
The honeycomb-filled i n s u l a t o r  a b l a t o r  e x h i b i t e d  

The honeycomb-reinforced i n s u l a t o r - a b l a t o r  material as tested on t h e  v e h i c l e  
s u r f a c e  speclmen is adequate  for t h e  low shear and h e a t i n g  rates exper ienced  a t  
low a n g l e s  of i n c i d e n c e  t o  t h e  local f low.  
of the  material a p p a r e n t l y  does  no t  degrade t h e  c a p a b i l i t y  of t h e  thermal pro- 
t e c t i o n  system. These cracks, however, may pose o p e r a t i o n a l  problems due t o  
water entrapment .  

The c r a c k i n g  caused  by t h e  sh r inkage  

Four  RSI t i les  were p a r t i a l l y  debonded af ter  t e s t i n g  and c o n s i d e r a b l e  j o i n t  
packing  was l o s t ,  t h u s  i n d i c a t i n g  a need t o  develop  a better packing and edge 
seal to avoid  gap flow. T h i s  gap  flow may cause thermal s t r a i n s  i n  t h e  s u b s t r a t e  
which i n  i t s e l f  could  promote t h e  bond f a i l u r e .  
d i d  no t  degrade its thermal performance. Some p i t t i n g  of t h e  c o a t i n g  of t h e  
t i l e s  was p r e c i p i t a t e d  by particle impacts. 

The debonding o f  t h e  RSI t i les  

Langley Research Center  
Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion  
Hampton, VA 23665 
November 1 1 ,  1977 
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TABLE 1.- TEST CONDITIONS 

rElevon deflected 300; panel holder at O0 angle of attack] 

Dynamic 
pressure Test 

L 

Elevon 
material surface 

insert 

AISI 347b 

AISI 347b 

AISI 347b 

Ins/Abla 

Ins/Abla 

Lockalloy 

Lockall oy 

Lockalloy 

Irs/Abla 

RS I 

temperature pressure Mach number 

K OR kPa psia kPa 

1788 3218 13 148 1907 5.70 47.9 

1852 3334 16 485 2331 6.73 57.5 

1472 2649 16 720 2425 6.06 54.5E 

1901 3422 13 796 2001 6.76 47.9 

1777 3199 13 659 1981 6.80 49.46 

1000 

1033 

9.89 

9.75 

aThe abbreviation Ins/Abi denotes insulator-ablator material. 
bThe abbreviation AISI denotes AISI types 347 stainless steel .  
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Figure 4 .- Thermocouple locations on insulator-ablator specimen. View looking 
a t  panel surface. A l l  dimensions are given i n  centimeters (inches).  
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